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Abstract

Introduction

The analysis of heart rate variability (HRV) has proven to be an important tool for the man-

agement of autonomous nerve system in both surgical and critically ill patients. We con-

ducted this study to show the different spectral frequency and time domain parameters of

HRV as a prospective predictor for critically ill patients, and in particular for COVID-19

patients who are on mechanical ventilation. The hypothesis is that most severely ill COVID-

19 patients have a depletion of the sympathetic nervous system and a predominance of para-

sympathetic activity reflecting the remaining compensatory anti-inflammatory response.

Materials and methods

A single-center, prospective, observational pilot study which included COVID-19 patients

admitted to the Surgical Intensive Care Unit was conducted. The normalized high-frequency

component (HFnu), i.e. ANIm, and the standard deviation of RR intervals (SDNN), i.e.

Energy, were recorded using the analgesia nociception index monitor (ANI). To estimate the

severity and mortality we used the SOFA score and the date of discharge or date of death.

Results

A total of fourteen patients were finally included in the study. ANIm were higher in the non-

survivor group (p = 0.003) and were correlated with higher IL-6 levels (p = 0.020). Energy
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was inversely correlated with SOFA (p = 0.039) and fewer survival days (p = 0.046). A limit

value at 80 of ANIm, predicted mortalities with a sensitivity of 100% and specificity of 85.7%.

In the case of Energy, a limit value of 0.41 ms predicted mortality with all predictive values of

71.4%.

Conclusion

A low autonomic nervous system activity, i.e. low SDNN or Energy, and a predominance of the

parasympathetic system, i.e. high HFnu or ANIm, due to the sympathetic depletion in COVID-

19 patients are associated with a worse prognosis, higher mortality, and higher IL-6 levels.

Introduction

Since the pandemic started in early 2020, critically ill patients suffering from COVID-19 on

mechanical ventilation have become one of the most challenging problems in intensive care

units around the world [1].

As it is suggested [2], there are three stages in the COVID-19 disease: the first stage of viral

replication, the second stage of lung involvement, with the development of severe pneumonia

and ARDS [3], and the third stage with a predominance of a hyper-immune response, with

severe multi-organ dysfunction.

What happens in the third stage is a severe inflammatory response syndrome (SIRS), also

known as cytokine release syndrome (CRS), with extreme macrophage activation and a signifi-

cant increase in inflammatory cytokines, such as Interleukin (IL-6), ferritin, C-reactive protein

(CRP) or D-dimer [4].

This strong hyper-immune reaction produces a large adrenergic release, which is mainly mod-

ulated by the sympathetic nervous system [5, 6]. This macrophage activation syndrome is in turn

balanced by a compensatory anti-inflammatory response (CARS), which is mostly modulated by

the anti-inflammatory cholinergic pathway and the parasympathetic nervous system [7, 8].

Thus, the autonomic nervous system (ANS) is responsible for the regulation of this inflam-

matory reflex, and its balance is essential to the maintenance of the body’s homeostasis [9, 10].

A physiological metric for the measurement of the ANS is the analysis of heart rate variability

(HRV) and, more specifically, the analgesia nociception index (ANI) monitor has proven to be

a crucial tool for the measurement of the ANS and nociception in both surgical and critically

ill patients [11–15].

It is hypothesized that a high level of normalized high-frequency (HFnu) component of

HRV and a low standard deviation of normal-to-normal RR intervals (SDNN) could have a

predictive value in terms of severity and mortality in critically ill patients suffering from

COVID-19; furthermore, it is also hypothesized that these values might be related to the num-

ber of proinflammatory cytokines, such as IL-6, CRP, and procalcitonin.

The main objective is to demonstrate that the most severely ill COVID-19 patients will

show greater dysregulation of the ANS, with a significant depletion of the sympathetic nervous

system and a slight predominance of parasympathetic activity, reflecting the remaining com-

pensatory anti-inflammatory response.

Material and methods

Study design and setting

A single-center, prospective, observational, pilot study was designed, which included COVID-

19 patients admitted to the Surgical Intensive Care Unit of the Mostoles General University
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Hospital in Madrid between April and May 2020. The reporting of this study conforms to the

STROBE statement.

Ethics

The study was performed in line with the principles of the Declaration of Helsinki and it was

approved by the Ethical and Research Committee of Mostoles General University Hospital,

with registration code No. 2020/035. In the light of the COVID-19 pandemic to avoid the risk

of viral transmission and following current ethical and legal recommendations, verbal

informed consent was obtained from all subjects by the legal designees and recording the date

and time in the case record form and the patient’s clinical history, which was justified and

approved by the Ethical and Research Committee.

Inclusion/Exclusion criteria

The inclusion criteria were defined as follows: patients over 18 years of age, on mechanical

ventilation, through orotracheal intubation or tracheostomy, diagnosed with COVID-19 by a

positive polymerase chain reaction (PCR) test for SARS-COV-2. Exclusion criteria included:

patients with the use of pacemakers, a history of cardiac arrhythmia, or without normal sinus

rhythm.

Heart rate variability

HRV refers to the variation between one heartbeat and the next, i.e. R-R interval on an ECG, a

process that is influenced by different components of the ANS, including breathing and other

physiological factors [11, 12, 16]. Inhalation temporarily inhibits the influence of the parasym-

pathetic nervous system and increases heart rate, while exhalation stimulates the parasympa-

thetic nervous system and decreases heart rate. These rhythmic oscillations, which are caused

by breathing, are called respiratory sinus arrhythmia (RSA) [17].

Spectral density analysis of the different frequency and time domain indices of HRV is a

non-invasive method that evaluates the activity of the ANS [11, 12]. The high-frequency (HF)

component, between 0.15 Hz and 0.4 Hz, is mediated by the parasympathetic nervous system

and breathing; the low-frequency (LF) component, between 0.15 to 0.04 Hz, is mainly influ-

enced by the sympathetic nervous system and baroreflex mechanisms; and, lastly, the very-

low-frequency (VLF) component, between 0.04 to 0.003 Hz, is influenced by thermoregulation

and different hormonal factors [9]. The standard deviation of all normal R–R intervals

(SDNN), SDNN expresses the overall HRV and reflects the overall activity of the ANS, calcu-

lated in milliseconds (ms). The correlation between SDNN and total power (TP) is well

described in the HRV literature, which is a short-term estimate of the total power spectral den-

sity in the range of frequencies between 0 and 0.4 Hz (HF+LF+VLF) and represents also the

ANS activity, calculated in milliseconds squared (ms2). Normalized unit spectral indices of HF

(HFnu) are usually defined as the ratio between the absolute value of the HF and the SDNN or

TP (HFnu = HF / (HF + LF + VLF). It is calculated in percentile units and reflects the modula-

tion of the parasympathetic branch of the ANS [17–19].

Analgesia nociception index

The parameters of HRV were recorded using the analgesia nociception index monitor (ANI

monitor, MDoloris Medical Systems, Lille, France). ANI is an index for calculating the HFnu.

It is done by a graphical method calculating the area under the curve of the sinusoid obtain
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from the HRV produced by the RSA, as it has been described by Logier R et al. and Jeanne M

et al. [18, 19].

Thus, the ANI monitor provides a number from 0 to 100, which represents the HFnu, i.e.

the percentage estimate of the balance between the parasympathetic nervous system and the

added activity of the different spectral components [17–19]. The mean ANI of the last 240 sec-

onds is represented by the ANIm value and the instant ANI of the last 120 seconds is repre-

sented by the ANIi value. Furthermore, the ANI monitor shows the value of the SDNN by the

term “Energy”. These are the mathematical formulas for Energy, where RRmoy is the average

of R-R and N is the number of R-R:

Measurements and data handling

The ANIm, ANIi and mean Energy values were collected for 240 seconds, from a single mea-

surement in the morning before daily washing. During the study period, changes in drugs

potentially affecting HRV and invasive procedures were avoided. For this, the specific ANI

monitor electrodes for ECG were placed on the patient’s chest or back, depending on whether

they were in a supine or prone position.

As demographic data, the age, sex, and weight of the patients were recorded. Drugs used for

sedoanalgesia, neuromuscular blocking drugs, and the need for vasoactive drugs (norepineph-

rine and/or dobutamine) were also recorded.

Sedoanalgesia was maintained using continuous infusions of different drugs, according to

usual department protocol. This protocol includes midazolam (0.03–0.2 mg.kg.hour-1), mor-

phine (0.5–5 mg.hour-1), propofol (0.5–4 mg.kg.hour-1), remifentanil (0.05–0.2 mcg.kg.min-1),

and/or dexmedetomidine (0.4–1.4 mcg.kg.min-1). In cases where neuromuscular blocking was

needed, it was used a continuous perfusion of cisatracurium (0.06–0.3 mg.kg.hour-1) or rocur-

onium (0.3–0.6 mg.kg.hour-1).

To assess the degree of sedation, it was used the Richmond Agitation-Sedation scale (RASS)

[12], and to estimate the severity, it was used the SOFA score (Sequential Organ Failure Assess-

ment), validated for critically ill patients [20], as well as data for IL-6, CRP, and procalcitonin.

A blood test was performed in the morning of the same day of the HRV measure and the val-

ues were obtained from the central hospital laboratory.

Also, data on ventilatory parameters (ventilatory mode, tidal volume, respiratory rate, and

positive pressure at the end of expiration [PEEP]) were collected. Mechanical ventilation was

personalized for each patient according to the severity of illness and gasometric analytical

parameters, as per the usual department protocols.

Subsequently, within 30 days after all these data collection, the patient’s electronic medical

record was checked and the date of hospital admission, date of admission to ICU, and date of

discharge to hospital facility, survival days, or date of death were recorded. According to the 30

days mortality after data collection, the patients were categorized into non-survivor group and

survivor group.

Sample size

It was determined 14 patients at the beginning of the pilot study to test feasibility protocols

adherence and data collection. In terms of post-hoc power calculations, a sample size of 7 sub-

jects per group (survived, not survived) yields 94% power to declare a significant difference in

the distribution of ANIm and Energy scores assuming the medians and quartiles estimated in

the study.
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Statistical analysis

To analyze the data, non-parametric tests were used. In the descriptive analysis of the data, the

median and quartiles (first and third quartiles) were used. For the study of homogeneity of the

sample and comparison of medians, the U-Mann-Whitney and Wilcoxon tests were per-

formed. Kendall’s tau-b correlation test was used to detect the bivariate relationship between

variables. To find a threshold value to attempt to predict the risk of mortality and for the calcu-

lation of diagnostic accuracy, the corresponding receiver operating characteristic (ROC)

curves were analyzed for both the ANIm value and the Energy value. There was no adjustment

for multiple comparisons given the pilot nature of the study.

P-values <0.05 were considered to be statistically significant. Apple Numbers version

10.3.9 was used to collect data, and the different analyses were carried out using commands

from the basic “stats” package of Software “R”, version 3.1.2. The data that support the findings

of this study are available Open Access.

Results

During the data collection period, 16 patients were recruited, 2 of whom were excluded as

detailed in Fig 1. STROBE patient flow diagram. A total of 14 patients were finally included in

the study, with 7 patients belonging to the survivor group and 7 others belonging to the non-

survivor group.

Fig 1. STROBE patient flow diagram.

https://doi.org/10.1371/journal.pone.0249128.g001
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The differences between the groups in patient demographic, sedoanalgesia, and ventilatory

parameters data are shown in Table 1. The only differences in the groups were in terms of the use

of neuromuscular blockers (p = 0.029), the RASS scale (p = 0.021) and PEEP value (p = 0.032).

Also, the SOFA scores between the two groups were statistically different (p = 0.031).

Analgesia nociception index and Energy

The ANIm figures were considerably higher in the deceased group, with statistically significant

differences. A Mann-Whitney test indicated that the ANIm value was higher for the non-survi-

vor group 93% (89; 99) than for the survivor group 64% (53; 74) with p = 0.003 (Fig 2).

However, in terms of the Energy figures, although lower in the non-survivor group (Fig 3),

there were no statistically significant differences. A Mann-Whitney test indicated that the

Table 1. Homogeneity and comparison of demographic and characteristics data between groups.

Survivor Group n = 7 Non—Survivor Group n = 7 p-value

Sex (Male) 4 (57%) 7 (100%) 0.192

Sex (Female) 3 (43%) 0 (0%)

Age (years) 64 (60; 73) 71 (57; 72) 0.797

Weight (kg) 74 (68; 78) 85 (75; 99) 0.085

SOFA 3 (2; 6) 8 (3; 9) 0.032

RASS -4 (-4; -2) -5 (-5; -4) 0.021

CRP (mg.dl-1) 51 (2.2; 197) 112 (26; 309) 0.482

IL-6 (pg.ml-1) 145 (111; 567) 963 (702; 1350) 0.055

Procalcitonin (ng.ml-1) 0.6 (0.37; 0.65) 0.33 (0.12; 0.68) 0.370

Midazolam 3 (43%) 5 (71%) 0.592

Propofol 4 (57%) 1 (14%) 0.266

Dexmedetomidine 2 (29%) 2 (29%) 1.000

Fentanil 2 (29%) 1 (14%) 1.000

Remifentanil 0 (0%) 2 (29%) 0.462

Morphine 3 (43%) 4 (57%) 1.000

Lidocaine 3 (43%) 1 (14%) 0.559

Neuromusc. blockade 1 (14%) 6 (86%) 0.029

Noradrenaline 0 (0%) 3 (43%) 0.192

Dobutamine 1 (14%) 0 (0%) 1.000

VCV mode 3 (43%) 6 (86%) 0.266

PCV mode 4 (57%) 1 (14%)

FiO2 0.7 (0.7; 0.8) 1 (0.8; 1) 0.009

Tidal Volume (ml) 470 (450; 480) 480 (450; 520) 0.478

Resp. rate (rpm) 18 (18; 20) 20 (18; 20) 0.375

PEEP (cmH2O) 8 (6; 10) 10 (9; 12) 0.032

PaO2 (mmHg) 143 (95.6; 301) 124 (81.2; 137) 0.225

ANIm 64 (53; 74) 93 (89; 99) 0.003

ANIi 64 (57; 76) 94 (87; 99) 0.006

Energy (ms) 0.57 (0.3; 0.63) 0.18 (0.13; 0.71) 0.225

Basic descriptive and tests for the demographic and characteristics variables for each group. Absolute (N) and relative (%) frequencies for the qualitative variables, and

median and quartiles (1st; 3rd) for the quantitative variables. P-values were calculated using Mann—Whitney U test. SOFA, Sequential Organ Failure Assessment;

RASS, Richmond Agitation-Sedation Scale; CRP, C-reactive protein; IL-6, Interleukin-6; VCV, Volume-controlled ventilation; FiO2, Fraction of inspired oxygen; PEEP,

positive end-expiratory pressure; PaO2, partial pressure of oxygen in arterial blood; ANIm, mean analgesia nociception index; ANIi, instantaneous analgesia

nociception index.

https://doi.org/10.1371/journal.pone.0249128.t001
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Energy value was not different for the non-survivor group 0.18 ms (0.13; 0.71) from the survi-

vor group 0.57 ms (0.3; 0.63) with p = 0.225.

Looking closer at the correlation between ANIm and Energy with respect to the SOFA

score, it was discovered that the ANIm value was not statistically correlated (p = 0.179, Ken-

dall’s tau-b test). However, the Energy itself was inversely correlated with the SOFA score

(p = 0.039, Kendall’s tau-b test). In other words, patients with lower Energy presented with

greater severity of illness and a worse prognosis.

On the other hand, when analyzing inflammatory cytokines (IL-6, PCR, procalcitonin), it

was discovered that the Energy levels were not statistically correlated with any of them. How-

ever, higher ANIm levels were statistically correlated with higher IL-6 levels (p = 0.020, Ken-

dall’s tau-b test). There was no such relationship with the rest of the cytokines, such as PCR

(p = 0.546, Kendall’s tau-b test) or procalcitonin (p = 0.912, Kendall’s tau-b test).

For the ANIm value, we found that a limit value of 80 predicted mortalities with a sensitiv-

ity of 100%, a specificity of 85.7%, a positive predictive value of 87.5%, and a negative predic-

tive value of 100% (Fig 2). In the case of Energy, a limit value of 0.41 ms predicted mortality

with a sensitivity of 71.4%, a specificity of 71.4%, a positive predictive value of 71.4%, and a

negative predictive value of 71.4% (Fig 3).

If it is looked specifically at the non-survivor group, it was found not only that the Energy

and the SOFA scores correlated (p = 0.009, Kendall’s tau-b test), but that patients with lower

Energy values had fewer survival days (p = 0.046, Kendall’s tau-b test).

Sub-analysis in RASS - 4 / - 5 patients

Although the distribution of drugs between the groups was homogeneous (Table 1), to mini-

mize the bias that may occur between ANI monitor values, drug dosage, and the RASS, a sub-

analysis was carried out only for patients with RASS -4/ -5. Three patients in the survivor

Fig 2. Box plot (left) and ROC curves for ANIm (right). Box plot represents the median values of ANIm in both groups. ROC curve demonstrates the ability of ANI to

discriminate the mortality with an AUC = 0.980 at an ANIm threshold of 80 (sensitivity 100%, specificity 85.7%, positive predictive value 87.5%, negative predictive

value 100%). ANIm, median analgesia nociception index; 0 death, survivor group; 1 death, non-survivor group.

https://doi.org/10.1371/journal.pone.0249128.g002
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group were removed from the sub-analysis, Fig 1. STROBE patient flow diagram. In this way,

all existing differences in homogeneity between the groups were eliminated (Table 2).

In the sub-analysis in patients with RASS -4/-5, it was shown that the difference between

groups in terms of the ANIm value and Energy was much greater and that the capacity to pre-

dict prognosis and death using these two values was higher. In the case of ANIm, all its predic-

tive values, for a limit value of 80, were 100% (Fig 4). In terms of Energy in this group of

patients, for a limit value of 0.41 ms, sensitivity was 71.4%, specificity was 75%, the positive

predictive value was 83.3%, and the negative predictive value was 60% (Fig 5).

Discussion

This prospective, observational, pilot study was intended to clarify certain questions arising in

the last year about the dysregulation of the ANS in COVID-19 patients. According to the avail-

able literature, this is the first study to analyze the time and frequency domain parameters of

HRV as a prospective predictor of illness severity and mortality in critically ill patients suffer-

ing from SARS-COV-2 who are on mechanical ventilation.

Heart rate variability as a prognosis tool

Our study is consistent with the other research findings that have also analyzed HRV in criti-

cally ill patients [16, 20–23]. As seen in several studies, such as Ahmad S et al. [22] or Pontet J

et al. [24], carried out especially in septic patients conclude that those with lower HRV, a

reduction of the sympathetic component (LF and LFnu) and a predominance of the parasym-

pathetic component (HF and HFnu) presented increased severity according to the APACHE

II score and predicted which patients had the highest risk of developing multiple organ dys-

function syndromes (MODS) [22, 23, 25, 26].

Fig 3. Box plot (left) and ROC curves for Energy (right). Box plot represents the median values of Energy in both groups. ROC curve demonstrates the ability of

Energy to discriminate the mortality with an AUC = 0.694 at a threshold of 0.41 ms (sensitivity 71.4%, specificity 71.4%, positive predictive value 71.4%, negative

predictive value 71.4%). 0 death, survivor group; 1 death, non-survivor group.

https://doi.org/10.1371/journal.pone.0249128.g003
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Another study by Chen-WL et al. [27] showed that monitoring HRV at the time of admis-

sion to the emergency room for patients resuscitated after the myocardial infarction could pre-

dict 24-hour mortality. Those with the worst prognosis presented depletion of global HRV (TP

or SDNN), decreased sympathovagal balance, i.e. low LFnu, and renin-angiotensin-aldoste-

rone modulation (VLF), as compared to healthy subjects.

Also, Huang CT et al. [28] concluded that spectral analysis of HRV in 101 patients admitted

to the intensive care unit undergoing mechanical ventilation could predict the success or fail-

ure of removal of said support and that patients extubated with a lower TP had a higher risk of

reintubation after 72 hours. Moreover, Chen IC et al. [29] demonstrated that TP and HF

power were independent predictors of mortality in patients with adult respiratory distress syn-

drome (ARDS) on admission to the SICU.

Table 2. Sub-analysis for Richmond agitation-sedation scale—4 / - 5 patients: Homogeneity and comparison of demographic data and characteristics between

groups.

Survivor Group n = 4 Non—Survivor Group n = 7 p-value

Sex (Male) 2 (50%) 7 (100%) 0.109

Sex (Female) 2 (50%) 0 (0%)

Age (years) 62 (60; 71) 71 (57; 72) 0.788

Weight (kg) 78 (73; 91) 85 (75; 99) 0.527

SOFA 2.5 (2; 6) 8 (3; 9) 0.055

RASS -4 (-4.75; -4) -5 (-5; -4) 0.156

CRP (mg.dl-1) 6.1 (2.2; 188.5) 112 (26; 309) 0.256

IL-6 (pg.ml-1) 153.3 (0.24; 1.65) 963 (702; 1350) 0.439

Procalcitonin (ng.ml-1) 0.6 (0.24; 1.65) 0.33 (0.12; 0.68) 0.506

Midazolm 3 (75%) 5 (71%) 1.000

Propofol 1 (25%) 1 (14%) 1.000

Dexmedetomidine 1 (25%) 2 (29%) 1.000

Fentanil 1 (25%) 1 (14%) 1.000

Remifentanil 0 (0%) 2 (29%) 0.491

Morphine 2 (50%) 4 (57%) 1.000

Lidocaine 2 (50%) 1 (14%) 0.491

Neuromusc. blockade 1 (25%) 6 (86%) 0.088

Noradrenaline 0 (0%) 3 (43%) 0.236

Dobutamine 0 (0%) 0 (0%) 1.000

VCV mode 3 (75%) 6 (86%) 1.000

PCV mode 1 (25%) 1 (14%)

FiO2 0.75 (0.7; 0.8) 1 (0.8; 1) 0.017

Tidal Volume (ml) 480 (420; 510) 480 (450; 520) 0.848

Resp. rate (rpm) 18 (16.5; 18) 20 (18; 20) 0.067

PEEP (cmH2O) 9 (7.25; 10) 10 (9; 12) 0.145

PaO2 (mmHg) 265.3 (129.7; 309.9) 124 (81.2; 137) 0.059

ANIm 61.5 (52.3; 73) 93 (89; 99) 0.008

ANIi 63 (58.3; 79.8) 94 (87; 99) 0.014

Energy (ms) 0.62 (0.38; 0.74) 0.18 (0.13; 0.71) 0.186

Basic descriptives and tests for the demographic and characteristics variables for each group. Absolute (N) and relative (%) frequencies for the qualitative variables, and

median and quartiles (1st; 3rd) for the quantitative variables. P-values were calculated using Mann—Whitney U test. SOFA, Sequential Organ Failure Assessment;

RASS, Richmond Agitation-Sedation Scale; CRP, C-reactive protein; IL-6, Interleukin-6; VCV, Volume-controlled ventilation; FiO2, Fraction of inspired oxygen; PEEP,

positive end-expiratory pressure; PaO2, partial pressure of oxygen in arterial blood; ANIm, mean analgesia nociception index; ANIi, instantaneous analgesia

nociception index.

https://doi.org/10.1371/journal.pone.0249128.t002
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Similarly to these studies, according to our results, we founded that COVID-19 patients in a

critical state who presented with low autonomic nervous system activity, i.e., a lower SDNN,

have a worse prognosis according to the predictive SOFA score. Besides, a depletion of

Fig 4. Sub-analysis: Box plot (left) and ROC curves for ANIm (right) in the RASS -4 / -5 patients. Box plot represents the median values of ANIm in both groups.

ROC curve demonstrates the ability of ANI to discriminate the mortality with an AUC = 1 at an ANIm threshold of 80 (sensitivity 100%, specificity 100%, positive

predictive value 100%, negative predictive value 100%). ANIm, median analgesia nociception index; 0 death, survivor group; 1 death, non-survivor group.

https://doi.org/10.1371/journal.pone.0249128.g004

Fig 5. Sub-analysis: Box plot (left) and ROC curves for Energy (right) in the RASS -4 / -5 patients. Box plot represents the median values of Energy in both groups.

ROC curve demonstrates the ability of Energy to discriminate the mortality with an AUC = 0.750 at a threshold of 0.41 (sensitivity 71.4%, specificity 75%, positive

predictive value 83.3%, negative predictive value 60%). 0 death, survivor group; 1 death, non-survivor group.

https://doi.org/10.1371/journal.pone.0249128.g005
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sympathetic activity and proportionally greater vagal activity, i.e. a high HFnu, was associated

with higher mortality.

Heart rate variability and inflammation

Concerning the HRV and inflammation, a recent meta-analysis of 51 studies [30] with a total

of 2238 patients concluded that spectral analysis serves to monitor the autonomic activity that

controls inflammatory processes in humans. These researchers have shown a strong associa-

tion among inflammatory parameters, mainly IL-6 and CRP, and a higher high-frequency

band (HF), and a low SDNN.

More specifically, Hasty F et al. [31] have recently shown that dramatic drops in HRV

(SDNN) have correlated with subsequent spikes in CRP in COVID-19 patients. However, we

have not been able to detect any correlation between SDNN, i.e. Energy, and IL-6, procalcito-

nin, or CRP, but we found that higher values of HFnu were correlated with higher IL-6 values.

Severe inflammatory response syndrome in COVID-19

This decreased activity of the ANS, along with the increase in the parasympathetic component,

seen in patients with COVID-19 and critically ill patients in general, would represent what

happens in the late phase when there is significant autonomic dysregulation, with large-scale

sympathetic adrenergic depletion, and a slight predominance of parasympathetic activity as a

reflection of the compensatory response [32].

When SIRS subsides and CARS is active for some time, without returning to a state of

homeostasis, a state of immunodeficiency or anergy is frequently produced, which triggers an

increase in viral replication and bacterial superinfection and can ultimately lead to a fatal out-

come for the patient [5, 6, 33, 34].

Panigrahy D et al. [35] showed in a recent study that most of the latest clinical trials on

COVID-19 patients have focused primarily on "anti-viral" and "anti-inflammatory" therapeutic

strategies. However, they suggested that perhaps a new therapeutic approach for more severely

ill patients could be the stimulation of this innate inflammatory response.

Implications and cholinergic anti-inflammatory pathway

The cholinergic anti-inflammatory pathway is a mechanism for neural inhibition of inflamma-

tion and interfaces the brain with the immune system [7, 9, 10, 36]. In this regard, there is a

nucleus in the brain stem that directs the inflammatory reflex when any injury, infection, or

nociceptive stimulus occurs, activating the autonomic nociceptive circuit described by Brown

EN et al. [37, 38]. This is the nucleus of the solitary tract (NTS), which, through the vagus

nerve (VN) and the activation of the different nuclei of the central nervous system, modulates

both the sympathetic and parasympathetic nervous systems. The NTS activates the cholinergic

anti-inflammatory pathway through the VN. The VN is a powerful anti-inflammatory element,

as it releases acetylcholine, which inhibits macrophage release of cytokines by binding to its

specific membrane receptor, the nicotinic alpha 7 receptor [36].

In turn, the NTS produces activation of the entire sympathetic chain through the rostral

ventromedial medulla (RVM), activates the locus coeruleus (LC) nucleus that regulates the

“fight or flight” response through noradrenergic release, and activates the hypothalamic-pitui-

tary-adrenal system by releasing adrenocorticotropic hormone (ACTH) following the activa-

tion of the paraventricular (PV) nucleus of the hypothalamus [7, 9, 10, 36].

Therefore, activation of the NTS and the cholinergic anti-inflammatory pathway, both

pharmacologically, by activating the alpha 7 nicotinic receptors, and electrically, through non-

invasive brain neuromodulation and vagus nerve stimulation (VNS), as also suggested by
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Baptista et al. [39], appear to be promising therapeutic strategies to balance the ANS and pro-

duce a balanced autonomic response [40–42]. Besides, Leitzke et al. [43] have recently reported

that these therapeutic approaches for sympathovagal balance in severe courses of COVID-19

can be achieved diagnostically by measuring HRV.

Several researchers have already tested VNS in patients with immune system disorders and

sepsis with promising results [44, 45], and some clinical trials in COVID-19 patients have

started over the last few months, such as Tornero et al. SAVIOR protocol [46, 47].

Limitations

This is a pilot study carried out with certain real-life limitations during the pandemic. Despite

using a convenience sample, one of our main limitations is the small sample of patients used.

Secondly, and in this regard, it has not been possible to perform a multivariate adjustment

for the known disturbance variables. There are few patients to make an adjustment meaning-

ful, and such baseline adjustments could not be formally made, due to the sample size.

Besides, our results were based on clinical management under real-life conditions in a sin-

gle-center. We have not analyzed other factors, such as the dose of sedoanalgesia drugs, the

degree of neuromuscular blockade, the use of monoclonal antibodies, such as tocilizumab, and

glucocorticoids, and others that are known to contribute to modulating the immune system,

and indirectly to the autonomic nervous system.

For all of these reasons, further research is required to provide more evidence and to over-

come the methodological issues of this study.

In a future study, we will attempt to monitor neuromuscular blocking data using accelero-

myograph, record the degree of sedoanalgesia, using electroencephalogram monitors which

include spectrogram analysis, and measure the degree of pulmonary involvement measured by

chest CT, lung ultrasonography, or X-ray.

Conclusion

It may be concluded that the different components of the spectral analysis of HRV, allow us to

infer the state of the autonomic nervous system and the immune system of critically ill

patients. Based on the results of our study, low autonomic nervous system activity, i.e. low

Energy or SDNN, and a predominance of the parasympathetic system due to sympathetic

depletion, i.e. high ANI value or HFnu, are associated with a worse prognosis and higher mor-

tality. In our critically ill patients with COVID-19 sample, a high ANIm value above 80 and a

low Energy value below 0.41 ms, during admission in the ICU, especially in more sedated

patients with RASS -4/-5, predicted mortality with very high sensitivity and specificity.

This autonomic dysregulation likely represents the cause and effect of the different stages of

SARS-COV-2 disease, the severe inflammatory system response syndrome (SIRS), and its

compensatory anti-inflammatory response (CARS). Therefore, for future studies, it is pro-

posed that the use of non-invasive neuromodulation techniques of the autonomic nervous sys-

tem may encourage a balance between the sympathetic/parasympathetic components and

might be used as a therapeutic strategy in critically ill patients with COVID-19.
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16. Bento L, Fonseca-pinto R, Póvoa P. Autonomic nervous system monitoring in intensive care as a prog-

nostic tool. Systematic review. Rev Bras Ter Intensiva 2017; 29(4):481–489. https://doi.org/10.5935/

0103-507X.20170072 PMID: 29340538

17. De Jonckheere J, Rommel D, Nandrino J, Jeanne M, Logier R. Heart rate variability analysis as an

index of emotion regulation processes: Interest of the Analgesia Nociception Index (Ani). In: 2012

Annual International Conference of the IEEE Engineering in Medicine and Biology Society. IEEE;

2012:3432–3435.

18. Logier R, Jeanne M, De Jonckheere J, Dassonneville A, Delecroix M, Tavernier B. PhysioDoloris: a

monitoring device for analgesia / nociception balance evaluation using heart rate variability analysis.

Annu Int Conf IEEE Eng Med Biol Soc. 2010; 2010:1194–7. https://doi.org/10.1109/IEMBS.2010.

5625971 PMID: 21095676.

19. Jeanne M, Logier R, De Jonckheere J, Tavernier B. Validation of a graphic measurement of heart rate

variability to assess analgesia/nociception balance during general anesthesia. Annu Int Conf IEEE Eng

Med Biol Soc. 2009; 2009:1840–3. https://doi.org/10.1109/IEMBS.2009.5332598 PMID: 19963520.

20. Ahmad S, Tejuja A, Newman KD, Zarychanski R, Seely AJ. Clinical review: a review and analysis of

heart rate variability and the diagnosis and prognosis of infection. Crit Care 2009; 13(6):232 https://doi.

org/10.1186/cc8132 PMID: 20017889

21. Buchman TG, Stein PK, Goldstein B. Heart rate variability in critical illness and critical care. Curr Opin

Crit Care 2002; 8(4):311–5. https://doi.org/10.1097/00075198-200208000-00007 PMID: 12386491

22. Ahmad S, Ramsay T, Huebsch L, et al. Continuous multi-parameter heart rate variability analysis her-

alds onset of sepsis in adults. PLoS ONE 2009; 4(8):e6642. https://doi.org/10.1371/journal.pone.

0006642 PMID: 19680545

23. Chen WL, Chen JH, Huang CC, Kuo CD, Huang CI, Lee LS. Heart rate variability measures as predic-

tors of in-hospital mortality in ED patients with sepsis. Am J Emerg Med 2008; 26(4):395–401. https://

doi.org/10.1016/j.ajem.2007.06.016 PMID: 18410805

24. Pontet J, Contreras P, Curbelo A, et al. Heart rate variability as early marker of multiple organ dysfunc-

tion syndrome in septic patients. J Crit Care 2003; 18(3):156–63. https://doi.org/10.1016/j.jcrc.2003.08.

005 PMID: 14595568

25. Annane D, Trabold F, Sharshar T, et al. Inappropriate sympathetic activation at onset of septic shock: a

spectral analysis approach. Am J Respir Crit Care Med 1999; 160(2):458–65. https://doi.org/10.1164/

ajrccm.160.2.9810073 PMID: 10430714

26. Chen WL, Shen YS, Huang CC, Chen JH, Kuo CD. Postresuscitation autonomic nervous modulation

after cardiac arrest resembles that of severe sepsis. Am J Emerg Med 2012; 30(1):143–50. https://doi.

org/10.1016/j.ajem.2010.11.013 PMID: 21208768

27. Chen WL, Tsai TH, Huang CC, Chen JH, Kuo CD. Heart rate variability predicts short-term outcome for

successfully resuscitated patients with out-of-hospital cardiac arrest. Resuscitation 2009; 80(10):1114–

8. https://doi.org/10.1016/j.resuscitation.2009.06.020 PMID: 19625120

PLOS ONE Heart rate variability critically ill COVID-19

PLOS ONE | https://doi.org/10.1371/journal.pone.0249128 March 24, 2021 14 / 15

https://doi.org/10.3906/sag-2004-168
https://doi.org/10.3906/sag-2004-168
http://www.ncbi.nlm.nih.gov/pubmed/32299202
https://doi.org/10.1016/j.bbi.2005.03.015
http://www.ncbi.nlm.nih.gov/pubmed/15922555
https://doi.org/10.1038/nature01321
https://doi.org/10.1038/nature01321
http://www.ncbi.nlm.nih.gov/pubmed/12490958
https://doi.org/10.1093/bja/aet111
https://doi.org/10.1093/bja/aet111
http://www.ncbi.nlm.nih.gov/pubmed/23611914
https://doi.org/10.1371/journal.pone.0147720
http://www.ncbi.nlm.nih.gov/pubmed/26808971
https://doi.org/10.4103/ijccm.IJCCM%5F419%5F16
http://www.ncbi.nlm.nih.gov/pubmed/28970658
https://doi.org/10.1093/bja/aex210
https://doi.org/10.1093/bja/aex210
http://www.ncbi.nlm.nih.gov/pubmed/29121287
https://doi.org/10.1007/s10877-020-00612-w
http://www.ncbi.nlm.nih.gov/pubmed/33159268
https://doi.org/10.5935/0103-507X.20170072
https://doi.org/10.5935/0103-507X.20170072
http://www.ncbi.nlm.nih.gov/pubmed/29340538
https://doi.org/10.1109/IEMBS.2010.5625971
https://doi.org/10.1109/IEMBS.2010.5625971
http://www.ncbi.nlm.nih.gov/pubmed/21095676
https://doi.org/10.1109/IEMBS.2009.5332598
http://www.ncbi.nlm.nih.gov/pubmed/19963520
https://doi.org/10.1186/cc8132
https://doi.org/10.1186/cc8132
http://www.ncbi.nlm.nih.gov/pubmed/20017889
https://doi.org/10.1097/00075198-200208000-00007
http://www.ncbi.nlm.nih.gov/pubmed/12386491
https://doi.org/10.1371/journal.pone.0006642
https://doi.org/10.1371/journal.pone.0006642
http://www.ncbi.nlm.nih.gov/pubmed/19680545
https://doi.org/10.1016/j.ajem.2007.06.016
https://doi.org/10.1016/j.ajem.2007.06.016
http://www.ncbi.nlm.nih.gov/pubmed/18410805
https://doi.org/10.1016/j.jcrc.2003.08.005
https://doi.org/10.1016/j.jcrc.2003.08.005
http://www.ncbi.nlm.nih.gov/pubmed/14595568
https://doi.org/10.1164/ajrccm.160.2.9810073
https://doi.org/10.1164/ajrccm.160.2.9810073
http://www.ncbi.nlm.nih.gov/pubmed/10430714
https://doi.org/10.1016/j.ajem.2010.11.013
https://doi.org/10.1016/j.ajem.2010.11.013
http://www.ncbi.nlm.nih.gov/pubmed/21208768
https://doi.org/10.1016/j.resuscitation.2009.06.020
http://www.ncbi.nlm.nih.gov/pubmed/19625120
https://doi.org/10.1371/journal.pone.0249128


28. Huang CT, Tsai YJ, Lin JW, Ruan SY, Wu HD, Yu CJ. Application of heart-rate variability in patients

undergoing weaning from mechanical ventilation. Crit Care 2014; 18(1):R21. https://doi.org/10.1186/

cc13705 PMID: 24456585

29. Chen IC, Kor CT, Lin CH, et al. High-frequency power of heart rate variability can predict the outcome of

thoracic surgical patients with acute respiratory distress syndrome on admission to the intensive care

unit: a prospective, single-centric, case-controlled study. BMC Anesthesiol 2018; 18(1):34. https://doi.

org/10.1186/s12871-018-0497-5 PMID: 29609546

30. Williams DP, Koenig J, Carnevali L, et al. Heart rate variability and inflammation: A meta-analysis of

human studies. Brain Behav Immun 2019; 80:219–226. https://doi.org/10.1016/j.bbi.2019.03.009

PMID: 30872091

31. Hasty F, Garcı́a G, Dávila H, Wittels SH, Hendricks S, Chong S. Heart rate variability as a possible pre-

dictive marker for acute inflammatory response in covid-19 patients. Military Medicine. 2021; 186(1–2):

e34–e38.

32. Das G, Mukherjee N, Ghosh S. Neurological Insights of COVID-19 Pandemic. ACS Chem Neurosci

2020; 11(9):1206–1209. https://doi.org/10.1021/acschemneuro.0c00201 PMID: 32320211

33. Hotchkiss RS, Monneret G, Payen D. Immunosuppression in sepsis: a novel understanding of the disor-

der and a new therapeutic approach. Lancet Infect Dis 2013; 13(3):260–8. https://doi.org/10.1016/

S1473-3099(13)70001-X PMID: 23427891

34. Ono S, Tsujimoto H, Hiraki S, Aosasa S. Mechanisms of sepsis-induced immunosuppression and

immunological modification therapies for sepsis. Ann Gastroenterol Surg 2018; 2(5):351–358. https://

doi.org/10.1002/ags3.12194 PMID: 30238076

35. Panigrahy D, Gilligan MM, Huang S, et al. Inflammation resolution: a dual-pronged approach to averting

cytokine storms in COVID-19? Cancer Metastasis Rev 2020. https://doi.org/10.1007/s10555-020-

09889-4 PMID: 32385712

36. Pavlov VA, Wang H, Czura CJ, Friedman SG, Tracey KJ. The cholinergic anti-inflammatory pathway: a

missing link in neuroimmunomodulation. Mol Med. 2003 May-Aug; 9(5–8):125–34. PMID: 14571320;

PMCID: PMC1430829.

37. Brown EN, Lydic R, Schiff ND. General anesthesia, sleep, and coma. N Engl J Med 2010; 363

(27):2638–50. https://doi.org/10.1056/NEJMra0808281 PMID: 21190458

38. Brown EN, Pavone KJ, Naranjo M. Multimodal General Anesthesia: Theory and Practice. Anesth Analg

2018; 127(5):1246–1258. https://doi.org/10.1213/ANE.0000000000003668 PMID: 30252709

39. Baptista AF, Baltar A, Okano AH, et al. Applications of non-invasive neuromodulation for the manage-

ment of disorders related to covid-19. Front Neurol. 2020; 11:573718. https://doi.org/10.3389/fneur.

2020.573718 PMID: 33324324

40. Huston JM. The vagus nerve and the inflammatory reflex: wandering on a new treatment paradigm for

systemic inflammation and sepsis. Surg Infect (Larchmt) 2012; 13(4):187–93. https://doi.org/10.1089/

sur.2012.126 PMID: 22913335

41. Kox M, Van eijk LT, Zwaag J, et al. Voluntary activation of the sympathetic nervous system and attenua-

tion of the innate immune response in humans. Proc Natl Acad Sci USA 2014; 111(20):7379–84.

https://doi.org/10.1073/pnas.1322174111 PMID: 24799686

42. Farsalinos K, Niaura R, Le houezec J, et al. Editorial: Nicotine and SARS-CoV-2: COVID-19 may be a

disease of the nicotinic cholinergic system. Toxicol Rep 2020. https://doi.org/10.1016/j.toxrep.2020.04.

012 PMID: 32355638

43. Leitzke M, Stefanovic D, Meyer JJ, Schimpf S, Schönknecht P. Autonomic balance determines the

severity of COVID-19 courses. Bioelectron Med. 2020 Nov 24; 6(1):22. https://doi.org/10.1186/s42234-

020-00058-0 PMID: 33292846; PMCID: PMC7683278.

44. Lerman I, Hauger R, Sorkin L et al. Noninvasive transcutaneous vagus nerve stimulation decreases

whole blood culture-derived cytokines and chemokines: a randomized, blinded, healthy control pilot

trial. Neuromodulation 2016; 19: 283–290. https://doi.org/10.1111/ner.12398 PMID: 26990318

45. Tarn J, Legg S, Mitchell S, Simon B, Ng WF. The effects of noninvasive vagus nerve stimulation on

fatigue and immune responses in patients with primary Sjögren’s syndrome. Neuromodulation. 2019;
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